We find a new class of topological superconductors which possess an emergent time-reversal symmetry that is present only after projecting to an effective low-dimensional model. We show that a topological phase in symmetry class DIII can be realized in a noninteracting system coupled to an s-wave superconductor only if the physical time-reversal symmetry of the system is broken, and we provide three general criteria that must be satisfied in order to have such a phase. We also provide an explicit model which realizes the class DIII topological superconductor in 1D. We show that, just as in time-reversal invariant topological superconductors, the topological phase is characterized by a Kramers pair of Majorana fermions that are protected by the emergent time-reversal symmetry.
Introduction. Topological superconductors have been intensively pursued in recent years [1] [2] [3] because the Majorana fermions which are localized to their boundaries have potential applications in the development of a topological quantum computer [4, 5] . The most promising proposals to date for engineering topological superconductivity involve coupling a conventional superconductor either to a nanowire with Rashba spin-orbit interaction that is subjected to an external magnetic field [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or to a ferromagnetic atomic chain [18] [19] [20] [21] [22] [23] [24] [25] .
Additionally, there have been several proposals to engineer topological superconductors in symmetry class DIII. Such systems possess both particle-hole symmetry and time-reversal symmetry [26] , with the presence of timereversal symmetry ensuring that the Majorana fermions existing at the boundaries of class DIII topological superconductors come in Kramers pairs. In one dimension (1D), where superconductivity is required to be induced by the proximity effect, it has been shown that a nontrivial topological phase in class DIII can be realized by proximity coupling a noninteracting multichannel Rashba nanowire to an unconventional superconductor [27] [28] [29] [30] or to two conventional superconductors forming a Josephson junction with a phase difference of π [31] . Alternatively, an effective π-phase difference can be induced in a multichannel Rashba nanowire with repuslive electron-electron interactions [32] or in a system of two topological insulators coupled to a conventional superconductor via a magnetic insulator [33] . It has also been proposed to realize class DIII topological superconductivity in a system of two Rashba nanowires [34] [35] [36] or two topological insulators [37] coupled to a single conventional superconductor, but repulsive interactions are also necessary to reach the topological phase in these setups, which require a strength of induced crossed Andreev (interwire) pairing exceeding that of the direct (intrawire) pairing [38] [39] [40] . While it would be beneficial to engineer a DIII topological superconductor in a noninteracting 1D system coupled to a single conventional superconductor, as such a setup could avoid relying on unconventional superconductivity or interactions that are difficult to control experimentally, it was recently shown that this is not possible in a fully time-reversal invariant system [41] .
In this paper, we show that such a 1D topological superconductor in class DIII can be realized when timereversal symmetry is explicitly broken. While the full Hamiltonian (describing the 1D system, the superconductor, and the tunnel coupling) possesses only particlehole symmetry and is thus in symmetry class D, it is possible to place the system in symmetry class DIII after integrating out the superconductor [38, [42] [43] [44] [45] [46] [47] [48] and projecting to an effective 1D model [49] . We establish three necessary criteria to realize a DIII topological phase. First, the 1D system must obey an "emergent" time-reversal symmetry. That is, given the Hamiltonian density h k of the 1D system, there must exist a unitary matrix
[While a specific example could be the physical time-reversal symmetry T 1D = iσ y , where σ x,y,z is a Pauli matrix acting in spin space, we do not restrict ourselves to this case.] Second, the self-energy induced on the 1D system by the superconductor must preserve the emergent time-reversal symmetry. Third, the anomalous (pairing) component of the self-energy must have both positive and negative eigenvalues.
After a general discussion, we provide a simple model which realizes the DIII topological phase in 1D. We consider a system of two Rashba nanowires with opposite Zeeman splittings coupled to an s-wave superconductor. We show that such a system undergoes a topological phase transition under certain conditions. By explicitly solving for the wave functions of the Majorana bound states, we show that the topological phase is characterized by the presence of a Kramers pair of Majorana fermions that is protected by the emergent time-reversal symmetry.
Minimum requirements for DIII topological phase. We consider a general 1D (noninteracting) system coupled to a conventional superconductor. We assume that the system is translationally invariant along the direction arXiv:1708.06755v1 [cond-mat.mes-hall] 22 Aug 2017 of the 1D system, allowing us to define a conserved momentum k. The Hamiltonian of the 1D system is given by
where we suppress explicit reference to r ⊥ for brevity. Note that the time-reversal symmetry of the full Hamiltonian is broken by having T
where H k is the Hamiltonian density of Eq. (6) and T = diag(T 1D , T sc ). For this reason, it was assumed that T 0 k = 0 in Ref. [41] . We now project our system to an effective 1D model by integrating out the superconductor [38, [42] [43] [44] [45] [46] [47] [48] . The superconductor induces a self-energy on the 1D system given by (7) where G sc k,ω (r ⊥ , r ⊥ ) is the Matsubara Green's function of the bare superconductor, defined such that
In the limit of weak tunneling, where the relevant pairing energies in the 1D system are ω ∆, it is sufficient to evaluate the selfenergy at ω = 0. In this case, the system is described by an effective 1D Hamiltonian given by
Since it was already assumed that H 1D k obeys an effective time-reversal symmetry, the Hamiltonian H eff k is in class DIII if the self-energy of Eq. (7) preserves this symmetry,
Hence, T 1D acts as an emergent time-reversal symmetry which exists only in the low-dimensional subspace.
Assuming that the self-energy satisfies Eq. (8), we can decompose it into normal and anomalous parts as
where [51] . In arriving at Eq. (9), we have utilized the fact that the superconducting Green's function can be similarly decomposed as
The anomalous self-energy, which represents the induced pairing in the 1D system, can be expressed in a form
where We have thus established three minimal criteria to realize a class DIII topological phase in a noninteracting 1D system: the bare 1D system must obey an effective time-reversal symmetry, the self-energy induced by the superconductor must preserve this symmetry, and the anomalous self-energy must have both positive and negative eigenvalues. The final requirement can be satisfied only if the full tunneling Hamiltonian [Eq. (6)] is not time-reversal invariant. We will now provide a model which satisfies all three criteria, showing indeed that the class DIII topological phase can be realized.
Model. We consider the geometry shown in Fig. 1 . Two Rashba nanowires, separated by a distance d (let us take one wire to be located at z = 0 and the other at z = d), are coupled to an infinite 2D s-wave superconducting plane. We take the two nanowires to have opposite Zeeman splitting, which can be achieved by applying an antiparallel external magnetic field to each wire or by applying a uniform external magnetic field to two wires with opposite g-factors.
The two nanowires are described by the Hamiltonian density
where ξ k = k 2 /2m w − µ w (m w is the effective mass and µ w the chemical potential of the nanowires), α is the Rashba spin-orbit interaction constant (we choose our spin quantization axis along the direction of the effective Rashba field), and ∆ Z = gµ B B/2 is the Zeeman splitting in an external magnetic field of strength B (g is the nanowire g-factor and µ B is the Bohr magneton). The Pauli matrix η x,y,z acts in left/right wire space. Crucially, we impose that the two nanowires are identical, with only a change in the sign of the Zeeman splitting. Although the Zeeman term in Eq. (11) explicitly breaks time-reversal, the Hamiltonian density obeys an effective time-reversal symmetry T † 1D h k T 1D = h * −k , where T 1D = iη x σ y and T 2 1D = −1. The self-energy induced on the two nanowires by the superconductor is given in Eq. (7) . Assuming that µ s µ w , we evaluate the Green's function of the bulk 2D superconductor for momenta k k F s (k F s = √ 2m s µ s is the Fermi momentum of the superconductor) to give
where ξ s = v F s /∆ is the coherence length and v F s = k F s /m s the Fermi velocity of the superconductor (we have also expanded in the limit µ s ∆). We assume local spin-and momentum-independent tunneling of the form t k (z) = tδ(z) tδ(z − d) , where t is a (scalar) tunneling amplitude which has the same strength in both nanowires. This gives T 0 k = t k (1 − η x )/2 and T z k = t k (1 + η x )/2. Evaluating the self-energy Eq. (7), we find where we define a single-particle interwire tunnel coupling Γ = γ sin(k [38] . Here, γ = t 2 /v F s is a tunneling energy scale. Note that the pairing potentials always satisfy
Taking into account the self-energy, the effective Hamiltonian describing the double nanowire system is given by To determine whether such a topological phase exists in this setup, we search for a k = 0 gap-closing transition by enforcing det(H eff 0 ) = 0. We find this case, the critical Zeeman splitting at which the gap closes is given by
The phase diagram of our model is displayed in Fig. 2 . We find two distinct phases whose topological characterization can be inferred along the line ∆ c = 0, corresponding to the case when the two wires are decoupled (d ξ s ). For ∆ Z < ∆ d , both wires are in a topologically trivial phase. For ∆ Z > ∆ d , both wires are in a topologically nontrivial phase, with each wire hosting its own distinct pair of Majorana bound states. Because the number of Majorana bound states is a topological invariant that cannot be changed without closing the gap, we conclude that ∆ To further establish the presence of a topologically nontrivial phase, we explicitly solve for the wave functions of the Majorana bound states. We now take our nanowires to be semi-infinite (x > 0), and we assume that the effective Hamiltonian of Eq. (14) remains valid for the semi-infinite case after replacing k → −i∂ x [52] . States in the nanowires obey a Bogoliubov-de Gennes equation given by H eff (x)φ(x) = Eφ(x). By constructing a general zero-energy solution and imposing a vanishing boundary condition φ(0) = 0, we find two Majorana bound state solutions in the topological phase (∆ [51] . We find that the two Majorana wave functions in the topological phase are orthogonal,
and related by the effective time-reversal symmetry,
Hence, the two Majorana bound states in the system form a Kramers pair that is protected by the emergent time-reversal symmetry.
Conclusions. We have shown that a topological superconductor in symmetry class DIII can be realized in a noninteracting 1D system proximity coupled to a conventional superconductor. Crucially, the full Hamiltonian (incorporating the 1D system, the parent superconductor, and the tunneling term) must not possess an effective time-reversal symmetry, with such a symmetry emerging only after projection to an effective 1D model. We provide an explicit example realizing such a class DIII topological superconductor, showing that the topological phase is characterized by a Kramers pair of Majorana bound states which is protected by the effective timereversal symmetry of the system. We believe that our general criteria can be applied to realize class DIII topological superconductivity in a multitude of additional systems coupled to a bulk s-wave superconductor, for example in nanowires with helical magnetization of opposite helicity, antiferromagnetically coupled spin chains, magnetic topological insulators with opposite magnetization, or ferromagnetic atomic chains with opposite magnetization.
SUPPLEMENTAL MATERIAL

Form of Self-Energy
In this section, we prove that the self-energy can be decomposed into normal and anomalous components as in Eq. (9) of the main text. The self-energy of the effective 1D model is given by A k are scalars, we find a self-energy given by (we suppress explicit reference to the transverse coordinates r ⊥ and r ⊥ for brevity)
(S2)
Majorana Wave Functions
In this section, we explicitly solve for the Majorana wave functions in a semi-infinite geometry. States in the nanowire obey a Bogoliubov-de Gennes equation given by
where φ(x) is a spinor wave function and H eff (x) is given by
Because the wires are semi-infinite, Majorana solutions are necessarily at zero energy. Setting E = 0, we rewrite Eq. (S10) in the form
whereφ = (∂ x φ, φ) T and
Any zero-energy solution to Eq. (S10) can be written in the form
where ik n are the eigenvalues of M and χ n are the corresponding eigenvectors. Eigenvalues of M must satisfy (for brevity, we temporarily set 2m w = 1)
